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PREFACE 

This  report  is  the  second  of  a series  of  four  reports  on  the 
£oapling  Efficiency  of  Near-Surface  ^plosions  (CENSE).  Reports  1 
through  3 are  data  reports  describing  tests  in  seindstone,  soil,  and  a 
layered  soil/sandstone  geology,  respectively.  Report  U (in  preparation) 
will  analyze  and  summarize  the  entire  test  series. 

The  CENSE  series  was  sponsored  by  the  Office,  Chief  of  Engineers 
(OCE),  under  R&D  Project  UA762719AT4o,  Task  Al,  Work  Unit  0l8,  Ground 
ohock  From  Multiple  Bursts,  and  cond’'.cted  by  the  Weapons  Effects  Labora- 
tory (VfEL),  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES). 

Mr.  D.  S.  Reynolds  seirved  as  technical  monitor  for  OCE. 

The  height /depth-of-burst  test  program  was  initiated  in  1973.  The 
initial  phase j CENSE  1,  explored  the  influence  of  a relatively  uniform 
sandstone  formation  near  the  Mixed  Company  test  site.  Glade  Park, 
Colorado. 

Fieldwork  for  CENSE  2 was  conducted  in  the  fall  of  197 in  clayey 
silt  at  Camp  Shelby,  Mississippi  National  Guard  Military  Reservation;  . 
tests  were  xmder  the  direction  of  Mi*.  J.  K.  Ingram,  Project  Scientist, 
Phenomenology  and  Effects  Division  (PED),  WEL.  The  site  was  prepared 
and  instruments  were  insteJ-led  by  PED  personnel;  Mr.  S.  E.  Bartlett, 
Supervisory  Technician;  and  Messrs.  T.  P.  Williams,  W.  Washington,  and  , 
J.  W.  Carson. 

Messrs.  L.  T.  W '-on  and  S.  Bell  of  WES  Instrumentation  Services 
Division  (ISD)  provided  field  Instrumentation  support,  and  K’essrs.  E.  P. 
Leake  and  E.  L.  Trdler  (ISD)  provided  instrument  calibration. 

Field  Data  computer  processing  was  coordinated  by  Mr.  J.  T. 

Brogan  and  Mrs.  D.  W.  McAlpin,  PED. 

The  study  was  under  the  general  supervision  of  Mr.  J.  L.  Drake, 
Program  Manager,  PED;  Mr.  L.  F.  Ingram,  Chief,  PED;  and  Hr.  W.  J. 
Flathau,  Chief,  WEL. 

During  these  tests,  COL  G.  H.  Hilt,  CE,  and  COL  J.  L.  Cannon,  CE, 
were  Coomanders  and  Directors  of  WES.  Mr.  F.  R.  Brown  was  Technical 
Director. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
mill’s  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con- 
verted to  metric  (Sl)  units  as  follows: 

Multiply By To  Obtain 


inches 

2. 

feet 

0. 

miles  (U.  S.  statute) 

1. 

pounds  (mass) 

0. 

poiinds  (mass)  per 
foot 

cubic 

l6. 

pounds  per  square 

inch 

6894. 

feet  per  second 

0. 

degrees  (angle) 

0. 

54 

centimetres 

3048 

metres 

609344 

kilometres 

4535924 

kilograms 

01846 

kilograms  per  cubic 
metre 

757 

pascals 

3048 

metres  per  second 

01745329 

radians 
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CENSE  EXPLOSION  TEST  PROGRAM 


CENSE  2,  EXPLOSIONS  IN  SOIL 

CHAPTER  1 
INTRODUCTION 


1.1  BACKGROUND 

Ground  shock,  stress,  cratering,  and  surface  airblast  are  highly 
sensitive  to  burst  position  for  near-surface  explosions.  Previous  high- 
explosive  (HE)^  tests  have  indicated  large  increases  in  ground  shock 
magnitudes  and  crater  sizes  when  the  height  of  burst  (HOB)  or  depth  of 
burst  (dob)  is  varied  from  slightly  elevated  to  buried  configuration!.. 
Since  Project  Mole  (Reference  1),  (the  Mole  tests  were  not  adequately  in- 
strumented in  the  regions  of  interest),  no  systematic  test  program  has 
been  directed  toward  documentation  of  HOB  effects.  More  thain  a score  of 
large-scale  tests  have  been  conducted  in  recent  years,  however,  wide 
variations  in  geology,  yield,  and  burst  configuration  preclude  a quanti- 
tative definition  of  HOB  effects.  Ground  motion  measurements  on-axis 
belcv  the  explosion  were  virtually  nonexistent.  Limited  data  are  avail- 
able for  the  Flat  Top  Series  (Reference  2),  one  point  from  Middle  Gust 
Event  1*  (References  3 and  4),  and  a few  locations  from  a low-yield 
nuclear  explosion  in  a granite  cavity.  Ground  shock  predic^ions  by 
large  computers  are  not  reliable  for  necr-surface  explosions.  A more 
reliable  calculational  capability  exists  for  airbust  configurations  in 
the  superseismic  regime.  Predictions  for  motions  below  the  explosion 
normally  are  determined  by  assuminjj  an  effective  reduced  energy  for  con- 
tained bursts.  Efficiency  factors  derived  from  scaled,  contained  burst 
data  can  generally  be  regarded  as  €ui  educated  guess. 

In  19^5*  a DOB  feasibility  study  (Appendix  A)  was  conducted  in  a 


For  convenience,  symbols  and  unusual  abbreviations  used  in  this  report 
are  listed  and  defined  in  the  Notation  (Appendix  C). 
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uniform  loess  deposit  using  2-pound^  spherical  TNT  charges.  This  study 
was  designated  Pre-CENSE  (£oupling  Efficiency  of  Near'Surface  Epqjlosions) 
and  provided  the  basis  for  the  CENSE  progreun.  CENSE  1 (References  5 and 
6)  was  a systematic  empirical  study  of  the  HOB/DOB  effects  on  energy 
coupling  and  ground  motion  in  a sandstone  geology.  Spherical  j 000-pound 
liquid  nitromethane  (NM)  charges  were  used. 

CENSE  2 was  a complementary  experimental  study  in  a uniform  clayey- 
silt  geology  that  employed  300-pound  spherical  TNT  charges.  Burst  posi- 
tions for  CENSE  2 were  selected  to  cover  a broad  range  of  energy  loading 
conditions  and  ranged  from  noncratering  airbursts  to  deeply  buried,  where 
most  of  the  available  explosive  energy  is  directly  coupled  to  the  ground. 
For  both  CEIiSE  1 and  2,  emphasis  was  placed  on  charge  positions  between 
contact  burst  (surface  tangent)  and  partially  buried  (buried  tangent), 
where  the  postulated  maximum  rate  of  change  in  energy  transfer  was 
expected  to  occur.  Two  regions  of  interest  were  singled  out  as  most 
descriptive  of  energy  partitioning.  The  region  directly  beneath  the 
explosion,  a zone  for  which  empirical  data  are  almost  totally  lacking, 
and  the  region  of  the  near-surface  (defined  as  typically  1.5  to  2 feet 
deep,  extenaing  generally  from  about  the  1000-psi  surface  overpressure 
region  to  the  5-  to  lO^psi  region)  from  which  considerable  experimental 
data  are  available  from  numerous  past  experiments  and  that  conveniently 
allow  for  direct  comparison.  (It  must  be  pointed  out  that  although 
volisninous  data  are  available  from  neeo'-sxurface  detonations,  most  of 
the  detonations  were  either  surface  tangent  or  half  b\u:ied. ) The  Pre- 
CENSE  feasibility  study  (Appendix  A),  being  primarily  a conceptual 
experiment,  provided  for  measurements  directly  beneath  the  explosion 
only. 

1.2  OBJECTIVE 

The  overall  objective  of  the  CENSE  program  was  to  study  the  in- 
fluence of  burst  position  on  groxmd  shock,  cratering,  and  airblast  in 


A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (SI)  units  is  presented  on  page  9* 
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uifferent  geologic  media.  The  specific  objective  of  CENSE  2 was  to 
study  these  effects,  including  stress  propeigation,  in  a relatively  \mi- 
form  deposit  of  sandy  clay.  Primeury  emphasis  was  placed  on  measurements 
of  ground  shock  and  stress  directly  beneath  the  explosion. 

1.3  SCOPE 

This  report  is  the  second  in  a series  of  four  reports  detailing  the 
results  of  the  CENSE  experimental  program  and  presents  a summeury  of  the 
CENSE  2 data  along  with  pertinent  observations.  A summary  of  the  Pre- 
CENSE  data  is  presented  in  Appendix  A of  this  report.  Detailed  analyses 
and  conclusions  will  be  presented  in  Report  U of  the  series,  "Analysis 
and  Summary  of  CENSE  Data." 


CHAPTER  2 


APPROACH 


2.1  DESCRIPTION  OF  TEST  SITE 

The  CENSE  2 test  series  was  conducted  in  the  DeSoto  National  Forest  . >; 

(psirt  of  the  Camp  Shelby,  Mississippi  Nations]  Guard  Military  Reserva-  J 

4 

tion)  about  6 miles  southeast  of  McLaurin,  Mississippi.  The  site  geology  | 

A 

consists  of  a relatively  xmiform  fluviatile  deposit  of  red  clayey-silt  | 

extending  from  the  surface  to  a depth  of  approximately  2k  feet.  A shift  j 

in  coloration  from  red  to  wnitish-purple  was  observed  at  this  depth  and  J 

continued  to  maximum  sample  depth  of  29  feet.  Figure  2.1.  A stable  | 

water  table  was ’present  at  an  average  depth  of  29  feet. 


2.2  EXPERIMENTAL  PLAN 

Tlu’ee  hundred-pound  cast  spherical  TNT  charges  were  detonated  at 
nine  burst  positions  relative  to  the  surface  of  the  soil  (Table  2.1, 
Figure  2.2).  Events  1 through  3 were  noncratering  airbursts;  Event  4 
was  a surface  tangent;  Event  5 was  half  bturied  (half  in,  half  out); 

Event  6 wais  buried  tangent;  and  Events  7 through  9 were  buried  at  depths 
of  3.6,  7.2,  and  10.8  feet,  respectively.  (All  burst  positions  refer 
to  charge  center  of  gravity  (CG)  relative  to  the  surface  of  the  soil.) 
Each  charge  was  detonated  at  its  geometric  center  with  a single  R^nolds 
RP-IM  exploding  bridge  wire  detonator. 

2.3  INSTRUMENTATION  LAYOUT 

CENSE  2 included  stress  and  acceleration  measurements  at  locations 
directly  beneath  the  burst  point,  ground  zero  (GZ),  as  well  8is  two  com- 
ponent (vertical  and  horizontal)  particle  velocity  measiarements  along  a 
single  horizontal  radial  near  the  ground  surface  (Figure  2.3(a)  and  (b)). 
Surface  airblast  was  measured  along  this  same  horizontal  radial.  Ad- 
divionally,  stresses  were  measured  along  a horizontal  radial  positioned 
at  shot  depth  for  the  two  deepest  detonations,  7.2  and  10.8  feet  DOB. 

No  groxmd  motion  measurenents  were  made  directly  beneath  the  explosion 
for  Events  7,  8,  and  9.  Instead,  the  near-surface  horizontal  sensing 


instruments  were  repositioned  at  shot  depth.  No  surface  airhlast  or 
near-surface  motion  measurements  were  made  on  these  three  shots.  Some 
stress  measurements  were,  however,  made  beneath  the  explosions  for  all 
events. 

Shct  points  for  the  experiment  were  positioned  along  a l80-deg  arc 
with  a 36-deg  angle  separation  between  GZ's  for  the  different  events 
(Figure  2.U).  This  arrauigement  allowed  use  of  a single  cable  layout  for 
all  events  in  the  testing  program.  All  airbursts  (Events  1 through  3) 
and  the  surface  tangent  detonation  (Event  U)  were  conducted  over  the 
same  GZ,  using  the  some  emplaced  instruments.  All  subsequent  shots  used 
new  GZ's  and  newly  Installed  instruments. 

Ground  motion  instrument  locations  are  listed  in  Tables  2.2  and  2.3 
and  stress  gage  locations  are  listed  in  Tables  2.U  and  2.5.  Six  constant 
posivicns  were  selected  for  the  neaur-surface  instnament  array  at  hori- 
zontal ranges  of  13.^,  25,  32,  U3,  57,  md  67  feet  from  GZ.  These  ranges 
were  predicated  by  the  expected  mautimum  ground  surface  overpressures 
corresponding  to  U50,  150,  70,  30,  15,  and  10  psi.  Siurface  airblaist 
pressure  gaiges  were  placed  at  the  same  horizontal,  distances  as  the  motion 
gages  (except  for  Elvents  7»  8,  and  9*  on  which  no  airblast  measurements 
were  m8id.e),  but  were  offset  3 feet  to  minimize  interference  with  the 
ground  motion  measurements. 

No  near-surface  motion  measurements  were  matde  on  Events  7 through  9* 
Insteaid,  a horizontal,  instrument  array  was  placed  at  chaurge  depth  for 
these  detonations. 

2.U  TRANSDUCERS 

Baisic  transducers  used  in  this  study  were  of  the  saune  type  as  were 
used  in  CENS2  1 (Reference  6)  (i.e. , standeurd  "off-the-shelf"  instru- 
ments: Endevco  Series  2200  piezoresistive  8u:celerometers;  Bytrex  AB-200 
diaphragm-type  airblast  gages;  and  the  latest  commercially  available 
modification  of  the  Sandla  DX  velocity  gage).  Kulite  series  LQ-O8OU 
stress  gages  (Reference  7)»  a c<mmercially  available  version  of  the  SE 
stress  gage  developed  by  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  were  used. 

Ik 


Several  developmental  gages  were  used  in  addition  to  the  *'st8uidard" 
instruments.  A WES-de^eloped  passive  (Brinell-type)  stress  gage  (Ref- 
erence 8)  was  used  to  measiire  pesdc  dynamic  stresses  in  the  kilobso*  region 
near  the  charge  on  Events  5j  8,  suid  9*  Ytterbium  piezoresistive  high- 
stress  gages  (Reference  9)  and  inductive  high-range  velocity  gages  (Ref- 
erence lO),  both  fielded  by  Stanford  Research  Institute  (SRi)  personnel, 
were  also  used  on  Events  5,  6,  and  9 close  to  the  charge  (Reference  11 ). 

2.5  GAGE  INSTALLATION 

Motion  instruments  were  moiinted  inside  protective  canisters  (Ref- 
erence 12).  Canisters  located  directly  beneath  the  charges  were  em- 
placed as  they  were  for  CENSE  1 fR<»‘’^i_nce  6).  Stress  gages  were  pre- 
packaged in  plugs  of  property  matching  grout  before  being  positioned. 
Near-surface  gages  and  gages  placed  along  the  horizontal  radial  at  shot 
depth  (for  Events  7,  8,  and  9)  were  installed  in  individual  augered  ver- 
tical holes.  All  motion  and  stress  instruments  were  grouted  in  place 
with  property-matching  grout,  and  the  boreholes  were  completely  filled 
with  the  same  grout.  Surface  airblast  gages  were  flush  mounted  in  the 
center  of  2-by  2-  by  1-foot-deep  ce^aent  pads. 

2.6  3R0UT 

An  attempt  was  made  to  approximate  the  native  site  material  with  a 
cheinicsQ.  grout  for  gage  emplacement.  A grout  mix,  E-2D,  designed  to 
match  a similar  site  material  (Fort  Polk,  Louisiana)  was  modified 
IDesignated  Mix,  E'>2D(m))  for  use  in  the  CENSE  1 experiments.  The  grout 
formula  is  listed  in  Table  2,6. 

2.7  DATA  RECORDING  AND  REDUCTION  SYSTEMS 

Signal  conditioning  systems  were  standard,  i.e.,  WES-built  3-kHz 
carrier  amplifier-demodulators  (Reference  13)  were  used  for  the  velocity 
gages  and  dc-amplifiers  were  used  for  the  accelerometers  and  stress  and 
airblast  gages.  A vide  band  Sangaao  Sabre  IV  32-track  FM  magnetic-tape 
recorder  was  used  to  store  the  analog  data  signals.  The  recording  sys- 
tem was  activated  by  a timing  control  countdown  unit  via  hard-wire  link. 
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Analog-tO'digltal  data  conversion  was  perfomed  with  the  WES  auto> 
matlc  data  processing  system.  All  integrations,  filtering,  baseline 
shifting,  and  other  processltigs  were  x>erfonaed  on  the  WES  GE  63^  series 
computer  using  various  optional  software  routines  developed  at  WES 
(References  ll*  and  15).  Final  computer  output  was  in  the  form  of  aneQ.og 
plots  of  motions,  stress,  and  pressure  versus  time.  Most  of  the  data 
presented  in  this  report  were  baseline-shifted  and  filtered. 
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TABLE  2.1  TEST  EVEHT  DESIGNATION. 


HOB/DOB 

(-)/(^)^-  

No.  Elevation 

(ftj 

(Rc) 

1 -10.8 

-1.6l 

-12 

2 -7.2 

-1.07 

-8 

3 -3.6 

-O.5U 

-1* 

U -0.9 

-0,13 

-1 

5 0 

0 

0 

6 -*0.9 

+0.13 

+1 

7 +3.6 

+O.5U 

♦U 

8 +7.2 

+1.07 

+8 

9 +10.8 

+1.61 

+12 

(-)  = HOB  above  soil  surface. 

(+)  ® DOB  below  soil  surfeuie. 

TABLE  2.2 

LOCATION  OF  GROUND  MOTION  VERTICAL  INSTRUMENTS 
DIRECTLY  BENEATH  EXPLOSION. 

Events  1-4 

Depth  from 
Ground  swface 
(ft) 

Event  5 

Depth  from 
Charge  CG 
(ft) 

Event  6 

Depth  from 
Charge  CG 
(ft) 

Measurement 

6.7 

6.4 

7.6 

AV 

10.0 

10,9 

U.8 

AV 

13.4 

14.3 

15.2 

AV 

16.7 

17.6 

18.5 

AV 

20.1 

21.0 

21.9 

AV 

s 

i 


-e 


I 


I 


4 


a 


I 


f 


I 
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TABLE  2.3  LOCATION  OF  GROUND  MOTION  NEAR-SURFACE 
INSTRUMENTS  ALONG  HORIZONTAL  RADIAL. 


Depth  from 

Range 

Ground  Surface 

(ft) 

(ft) 

Measurement 

Events  1-6^ 

13. U 

0 

AB 

13. i* 

1.5 

UV,UK 

25 

0 

AB 

25 

1.5 

U'/,UH 

32 

0 

AB 

32 

1.5 

UV,UE 

1»3 

0 

AB 

U3 

1.5 

TJV,UH 

57 

0 

AB 

57 

1.5 

UV,UH 

67 

0 

AB 

67 

1.5 

UV,UH 

Event  7 

13. 25, 

3.60 

UH 

32,  ^3, 

57,  and 

67 

Event  8 

13. U,  25 

7.20 

UR 

32,  U3, 

57,  and 

67 

Event  9 

13.1*,  25, 

10.8 

UH 

32,  1»3, 

57,  and 

67 

All  ranges,  deptlis,  and  instruaents  held  constant. 


TABLE  2.U  LOCATION  OF  STRESS  GAGE  VERTICAL  TN3TRU1IEHTS 
DIRECTLY  BFNEATH  EXPLOSION. 


Events  l-U 
Depth  from 
Gro’uid  Surface 
(ft) 

Event  5 

Depth  from 
Charge  CG 
(ft) 

Event  6 

Depth  frr-j 
Charge  CG 
(ft) 

Event  7 
Depth  from 
Charge  CG 
(ft) 

Measure- 

ments 

8.7 

8.5 

3.6 

6.U 

SV 

9.5 

9.3 

5.6 

8.U 

SV 

10.7 

10.5 

8.6 

11. U 

SV 

12.7 

12.5 

12.6 

15. U 

SV 

16.0 

15.8 

17.6 

21.1* 

SV 

TABLE  2.5  LOCATION  OP  STRESS  GAGE  INSTRUMENTS  ALONG 
HORIZONTAL  RADIAL  AT  CHARGE  CG  DEPTH. 


TABLE  2.6  GROUT  MIXTURE. 


Mix 

Constituent 

Weight^ 

(lb) 

Weight 

(%) 

E-2D(m) 

IVpe-I  Portlsmd  Cement 

9.14 

5.64 

(fast  setting) 

Cal  Seal  Gypsiaa  Cement 

3.00 

3.95 

Bentonite 

6.52 

5.15 

Barite 

18.07 

14.26 

Sand  (masonry) 

61.97 

48.91 

Water 

28.00 

22.10 

Note:  Grout  properties  at  7-day  cure: 

Strength  - 150  psi 

Density  - 127  pcf 

Velocity,  - l»000  ft/s 

a ° 3 

Weights  to  make  1 ft  of  grout. 


i 

I i 


20 


T 


""’••""mr 


^ J-'-- **, 


' - /'I  - - •■^. 


o 

0 

0 


HOB/OOa  (FT) 
-10.8 

-7.2 

-3.6 


SURFACE 


Figure  2.2  CENSE  2 experiment  geometry,  300-pound  TNT  explosive. 


{ 


nominal  overpressure,  pti 


GZ  EVENTS  r GZ  EVENTS  1-4 


Figure  2.U  CEHSE  2 experiment  layout. 
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CHAPTER  3 


RESULTS 


3.1  CRATERING 

Only  apparent  craters  were  measured.  These  measurements  are  listed 
in  Table  3.1.  Figure  3.1  is  a composite  of  the  apparent  crater  profiles. 
No  craters  were  ijroduced  by  the  aboveground  detonations.  Events  1,  2, 
and  3 (HOB  = 10.8,  7.2,  and  3.6  feet,  respectively).  Progressively 
larger  apparent  craters  were  produced  with  increasing  charge  DOB,  begin- 
ning with  the  surface  tangent  detonation  (Event  U).  The  craters  were 
characteristic  for  the  site  materiad.  Apparent  crater  volumes  were 
divided  by  the  charge  weight  to  derive  an  index  of  cratering  efficiency. 
Cratering  efficiency  as  a function  of  burst  position  is  shown  in  Fig- 
ure 3.2.  Cratering  efficiency  increased  rapidly  to  a scaled  DOB  of 
1 feet)  and  appeared  to  reach  maximum  at  a scaled  depth  of 

1.75  (11.7  feet).  Cratering  efficiency  asymptotically  approached 

zero  for  scaled  HOB's  greater  than  -0.13  (-0.9  feet). 

3.2  ARRIVAL  TIME 

3.2.1  Directly  Beneath  the  Explosion 

First  motion  arrivad  times  directly  beneath  the  explosion  for 
Events  1 throxjgh  6 are  plotted  versus  depth  in  Figure  3.3.  Events  1 
through  ^ were  all  detonated  over  the  same  GZ  and  fall  within  a data 
band  that  is  separated  from  Events  5 and  6,  ^ich  were  detonated  in 
virgin  areas.  The  slopes  of  the  data  from  all  six  events  are  essentially 
equal  and  indicate  an  average  propagation  velocity  of  3000  fc/s. 

3.2.2  Near-Surface  Horizontal  Radisd 

Shock  front  arrived  times  for  surface  airbleist  and  near-surface 
(1.5-foot  depth)  motion  are  plotted  for  Events  1 through  6 in  Figure  3.U. 
Near-siarface  ground  shock  propagation  was  governed  by  the  surface  air- 
blast  at  "I T ranges  instrumented  for  the  elevated  and  surface  tangent 
detonations  (Events  1 thro\»gh  U),  Figure  3.U(a),  (b),  (c),  and  (d). 
Outrunning  ground  motion  was  first  observed  on  the  half  buried 
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detonation  (Event  5),  occurring  at  a range  ci’  52  feet  (Figure  3.U(e)). 

A perturbation  was  observed  in  the  surface  airblast  arrival  curve  for 
the  buried  tangent  detonation  (Event  6)  at  a range  of  35  feet  extending 
to  k2  feet,  indicating  a reduction  in  velocity  (Figure  3.*+(f))*  The 
initial  propagation  velocity  resumed  beyond  the  i42-foot  range.  Tiiis 
propagation  anomaly  was  also  experienced  in  the  near-surface  soil.  Tiie 
direct  transmitted  pulse  arrived  5 ms  after  the  airblast  pulse  at  the 
13.^-foot  range,  but  propagated  at  a rate  1.5  times  faster  (2700  versus 
l800  ft/s).  The  directly  transmitted  arrival  curve  intersected  the 
transmitted  airblast  arrival  curve  at  a range  of  36  feet,  indicating  the 
point  of  outrunning  in  the  ground. 

3.2.3  Horizontal  Radial  at  Charge  Depth 

First  motion  arrival  times  from  the  buried  explosions.  Events  7»  8, 
and  9,  are  shown  in  Figure  3.5*  The  arrival  time-distance  cxirves  for 
Events  7 and  o (DOB  = 3.6  and  7.2  feet,  respectively)  have  similar 
slopes  6md  are  bilinear.  The  initied  slopes  for  both  events  indicate  a 
propagation  velocity  of  1500  ft/s.  change  in  slope  occurring  at  U3  and 
36  feet  for  Events  7 (DOB  = 3.6  feet)  and  8 (DOB  = 7.2  feet),  respec- 
tively, indicates  arrival  of  refracted  energy  from  an  underlying 
2700  ft/s  layer.  This  interface  occurs  at  eui  approximate  depth  of 
lU  feet  below  the  ground  sxurface  and  is  due  primarily  to  an  increase  in 
water  content  below  this  depth.  Propagation  velocity  measured  for  the 
deepest  detonation  of  this  series.  Event  9 (DOB  = 10.8  feet),  was  a con- 
stant 2700  ft/s  beyond  a horizontal  range  of  13  feet.  In  the  range  of 
0 to  13  feet  the  apparent  avereige  propagation  velocity  was  3600  ft/s. 

3.3  VERTICAL  GROUHD  SHOCK  DIRECTLY 

BENEATH  THE  EXPLOSION 

3.3.1  Data  Recovery 

Ground  motion  and  stress  data  taken  in  the  region  directly  beneath 
the  explosion  were  of  excellent  quality.  Only  seven  data  channels  were 
lost  for  the  entire  test  series.  All  other  data  channels  yielded  full 
or  partial  data.  Data  losses  for  GZ  measurements  are  stmsBarized  in 
Table  3.2. 
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3.3.?  Vertical  Acceleration 


Recorded  vei  tical  acceleration-tijne  histories  directly  beneath  the 
explosions  are  show.i  in  composite  in  Figures  3. 6-3-8  for  Events  1 
through  6.  The  waveforms  are  generally  characterized  by  an  iuitisil  down- 
ward spike  followed  by  a lower  amplitude,  longer  duration  upward  puj.se. 
Both  peak  amplitudes  and  pulse  duration  increased  with  increasing  chsurge 
burial.  Pulse  frequencies  decreased  as  the  airblast  energy  fraction 
decreased. 

Scsiled  neak  downward  acceleration  directly  beneath  the  explosion  is 
plotted  versus  scaled  depth  in  Figure  3.9*  The  initieil  slopes  were 
similar  for  al3  data  between  scaled  depths  of  1 (6.7  feet)  and 

I.U9  Vr^^"  (10  feet),  i.e.,  a slope  of  , where  R is  the  slope  of 

data  with  respect  lo  distance,  beyond  this  distance  the  ciurves  for 
.all  elevated  shots  (Events  1,  2,  and  3)  tended  to  flatten  smd  become 
bilinear.  No  tendency  toward  bilinearity  was  observed  for  the  surface 
tangent,  half  buried,  and  buried  tauigent  detonations  (Events  4,  5,  «nd  6, 
respectively).  Acceleration  magnitudes  increased  progressively  with 
increasing  charge  DOB.  Note,  however,  that  there  was  virtually  no 
difference  between  Events  2 and  3. 

3.3.3  Particle  Velocity 

All  particle  velocity  data  from  the  region  directly  beneath  the  ex- 
plosion were  derived  by  numerical  integration  of  the  acceleration  data. 
Composited  particle  velocity  waveforms  for  Events  1 through  6 are  shown 
in  Figures  3.10-3.12.  The  velocity  waveforms  are  simileu*  in  overall 
character  to  those  of  the  vertical  acceleration,  namely  a sharp  initial 
downward  pulse  followed  by  a lower  amplitude,  longer  duration  upward 
pulse.  As  with  the  ausceleration  coxinterpeu-t,  the  vertical  velocity  ex- 
hibited increasing  amplitudes  and  pulse  durations  with  increasing  charge 
DOB.  The  velocity  waveforms  at  the  6,7-foot  depth  for  Events  1 tttrough 
k show  a relatively  constant  baseline  offset  after  arrival  of  the  peak 
velocity.  This  is  not  a physical  phenomenon,  rather  a result  of  the  in- 
tegration technique  idiere  the  acceleration  signal  was  submerged  in  the 
basic  system  noise. 
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Peak  radial  particle  velocity  directly  beneath  (Events  1 through  6) 
and  horizontally  on-axis  with  the  explosion  (Events  7»  8»  and  9)  versus 


scaled  distance  is  plotted  in  Fig’rre  3*13»  The  response  curve  for 

Events  1,  2,  and  3 (elevated  charge  positions)  tended  to  be  bilinear- 

The  initial  decay  rate  (between  r.caled  depths  of  1 sind  1.1*9  was 

R , decreasing  to  oeyond  a scaled  depth  of  1.1*9  . 

Peak  radial  particle  velocity  for  Events  1*  through  9 attenuated  uniformly 
•2  53 

at  a rate  of  R * . Peak  velocity  increased  with  increasing  charge 

burial.  Significant  increases  occurred  between  Events  3 and  1*,  U ana  5» 
and  5 and  6,  indicating  the  highest  velocity  sensitivity  to  burst  posi- 
tion occurring  in  this  region.  Data  from  the  elevated  shots  (Events  1 
through  3)  were  tightly  clustered,  as  were  the  dr: a from  the  buried 
shots  (Events  7 through  9)*  Peak  velocity  increased  by  3*5  times  from 
the  lowest  elevated  shot  (Event  3,  HOB  = -3.6  feet)  to  the  surface  tan- 


gent (Event  1*);  2.6  times  from  the  surface  tangent  to  half  buried 
(Event  5);  and  1.9  times  from  half  buried  to  buried  tangent  (Event  6). 

A velocity  "Jump”  or  enhancement  (factor  of  5)  was  observed  at  a scaled 
distance  of  10  (67  feet)  for  the  three  buried  detonations 

(Events  7»  8»  and  9).  Thi‘»  enhancement  is  probably  associated  with  de- 
velopment of  end  interaction  with  a surface  wave  at  this  distance.  Be- 
yond a scaled  distance  of  10  , the  velocity  attenuated  at  the  same 

rate  ais  the  initial  portion,  i'.'a. , eis  R”  . Close-in  particle  veloc- 
ity data  measured  by  SRI  (Reference  11)  for  Events  8 and  9 attenuated  at 
a rate  similsu:  to  the  WES  data  but  were  an  order  of  magnitude  lower  than 
vedues  fr<xii  the  projected  WES  data. 

3.3.^  Displacement 

Displacements  directly  beneath  the  explosion  were  all  derived  by 
doubly  integrating  the  acceleration-tine  histories.  Considerable  error 
is  always  inherent  with  progressive  tine  in  cuoy  integration  routine, 
especially  when  the  original  operator  signal  approaches  or  lies  within 
the  system  noise.  The  problen  is  further  compounded  ^en  a double  inte- 
gration is  attempted.  The  result  is  a signal  with  highest  validity  near 
zero  tine  with  accuracy  progressively  decreasing  with  increasing  tine. 


In  spite  of  this  hwdicap,  exceptionally  good  dlspl8u:ement  waveforms 
were  generated  for  all  but  the  shallowest  (6.7-foot  depth)  gage  location. 
Data  from  this  location  are  considered  to  be  of  low  reliability.  Com- 
posited displacement  waveforms  from  Events  1 through  6 aure  presented  in 
Figures  3.1U-3.16.  Displacement  waveforms  generally  exhibited  an 
oscillatory  character  for  the  elevated  bixrst  positions  (Events  1 thro\igh 
U).  However,  the  displacement  maintained  a downward  permanent  displace- 
ment for  the  half  biuried  (Event  5)  and  buried  tangent  (Event  6)  deton**- 
tions.  Maximum  displaceroenos  were  recorded  for  Event  6,  Figure  3.l6. 

The  effect  of  burst  position  on  the  shape  of  the  displacement  waveform 
is  clearly  seen  in  Figure  3.17,  which  is  a comparison  of  waveforms  from 
tne-10.8  foot  HOB  (Event  l)  to  +0.9  foot  DOB  (Event  6)  burst  positions 
at  a common  gage  depth  (nominally  lU  feet).  The  initial  rise  time,  peadt 
amplitude,  and  pulse  duration  increased  with  increasing  charge  DOB. 

ocaded  peadt  radial  transient  displacement  (downward  or  outwaurd) 

directly  beneath  (for  Events  1 throu'Ji  6)  and  horizontaiily  on-aocis  (for 

Events  7 through  9)  is  plotted  versus  scaled  distance  in  Figure  3.l8* 

Only  minor  differences  were  present  in  peadi  downward  displacements  frcmi 

three  elevated  shots  (Events  1 through  3).  The  slope  of  the  data  wais 

—0  33 

relatively  flat  for  Event  1,  as  R , and  progressively  steepened  to 

Event  U (surfau:e  tangent).  The  initiad  slopes  (between  scaled  distances 
of  1.5  to  1».5  were  equal  for  Events  4 through  9»  as  . 

Displacement  data  from  the  buried  detonations  (Events  7 through  9)  de- 
creauted  in  slope  between  scaled  distamces  of  4.5  and  8.5  As  was 

noted  for  the  velocity  data  in  Section  3.3.3»  the  displacement  data  ex- 
perienced a ’’Junq)”  at  a seeded  distance  of  10  (67  feet).  Between 

this  distance  amd  a seeded  distance  of  1.49  (100  fect),  the  dis- 

placement attenuated  with  distance  at  approximately  the  same  slope  as 
the  initial  portion  of  the  data,  i.e. , as  R . 

3.3.5  Stress 

A composite  of  the  measured  stress  waveforms  is  presented  in  order 
of  increasing  distance  from  the  e^losive  charge  for  Events  1 through  9 
in  Figures  3.19-3.23.  The  waveforms  for  Events  1 through  4, 


(Figures  3.19  and  3-20)  exhibit  a slight  negative  stress  following  the 
initial  compressive  peak.  This  effect  is  caused  by  relief  of  the  static 
overburden  stress  (on  the  order  of  a few  pounds/square  inch)  associated 
with  gage  installation  but  not  associated  with  the  dynamic  response  of 
the  soil.  Stress  pulse  amplitudes  and  durations  progressively  increased 
in  order  with  increasing  charge  burial. 

On  Event  7 * g«fees  were  positioned  both  directly  beneath  the  charge 
and  along  a horizontal  radied.  located  at  charge  depth  (+3.6  feet). 

Direct  comparison  was  possible  between  the  vertical  and  horizontal 
vectors  at  distances  of  11. b and  21  feet  from  the  charge  CG  (Figxire  3.22). 
The  stress  wa’reforms  were  markedly  different  along  the  two  vectors.  The 
vertical  waveforms  exhibited  higher  amplitudes,  steeper  decay  of  the 
initial  piUse,  and  a tendency  to  develop  a secondary  peedc  as  compared 
to  the  horizontal  waveforms. 

Peak  radial  stresses  meastired  directly  on-axis  with  the  explosion 
are  displayed  as  functions  of  distance  and  burst  position  in  Figure  3.2l*. 
Peak  stressv  . from  the  elevated  shots  (Events  1,  2,  and  3)  show  ojily  a 
slight  dependence  on  burst  position.  The  effect  of  burst  position  on 
measured  stresses  was  significant  between  the  elevated  shots  and  surface 
tangent  (Event  U)  detonations;  stress  levels  increased  by  a factor  of  3.5. 
A factor  of  2 increase  in  stress  level  was  observed  by  moving  the  charge 
from  hedf  buried  to  buried  tangent  (Event  6).  The  buried  events 
(Events  6 through  9)  generally  showed  an  increase  in  stress  level  with 
increasing  charge  burial.  An  exception  was  Event  7 (DOB  = +3.6  feet), 
whose  stresses  were  of  the  seune  order  of  magnitude  eis  those  for  the  hsG-f 
buried  detonation.  This  is  probably  due  to  slight  changes  in  site 
geology  and/or  a slight  irregularity  in  gage  placement.  Peak  stresses 
from  all  events  appear  to  have  similar  rates  of  attenuation  with  dis- 
tance (approximately  as  the  -4.33  power  of  distance). 

3.4  HEAR-SURFACE  GROUND  MOTION 

3.4.1  Data  Recovery 

Excellent  data  recovery  was  made  along  the  near-surfau:e  instrument 
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radial  and  eLLong  the  horizontal  radial  at  shot  depth  (Events  7t  8,  and  9). 
Only  one  measurement  was  lost  for  the  entire  test  series,  measurement 
i3.i*-i.;j  UV^  for  Event  1,  a gage  malfunction. 

3.^.2  Horizontal  Particle  Velocity 

Near-surface  horizontal  particle  velocity  waveforms  at  a common 
rsinge  (32  feet)  are  composited  for  all  events  in  Figure  3.25.  Complete 
waveforms  are  shown  in  Appendix  B.  The  gages  for  Events  1 through  6 were 
positioned  at  a consteuit  1.5-foot  depth  below  the  ground  surface,  where- 
as, the  gages  for  Events  7*  8,  and  9 were  located  at  shot  depth  (i.e., 

3.6,  7.2,  and  10.8  feet,  respectively,  see  Figure  2.3).  The  waveforms 
produced  by  Events  1 through  6 reflect  complex  driving  forces.  The  ini- 
tial outward  going  pulses  were  produced  by  the  surface  airblast.  A 
considerably  longer  duration  secondary  outward  peak  produced  oy  the 
cratering  action  was  present  in  the  waveforms  from  Events  U,  5»  and  6, 
but  was  noticeably  absent  from  the  velocity  signatures  from  the  non- 
cratering events  (Events  1,  2,  and  3).  Velocity  waveforms  produced  by 
the  buried  shots  (Events  7,  3,  and  9)»  where  the  instruments  were  placed 
at  shot  depth,  had  a very  simple  signature:  a single  outward-going  ini- 
tial pulse  caiised  by  the  cratering  action,  followed  by  a lower  amplitude, 
longer  duration  inward-going  pulse.  The  cratering-induced  motion  is 
detailed  in  Figure  3.25  by  a labeled  dashed  line.  As  the  airblast 
energy  fraction  diminished  (i.e.,  as  charge  buriEtl  increased),  high- 
frequency  content  of  the  waveforms  decreased. 

Peak  horizontal  particle  velocities  as  a funct 'on  of  scaled  dis- 
tance cure  shown  in  Figure  3.26.  Although  the  gages  for  the  three  buried 
events  (Events  7*  8,  and  9)  were  positioned  at  charge  depth,  these  data 
cure  included  with  the  necur-surface  (l. 5-foot  depth)  data  for  compcurison. 
Only  minor  differences  are  appcurent  in  the  horizontal  particle  velocity 
Bia.xtiiia  for  the  three  elevated  detonations  (Events  1,  2,  and  3).  Data 
from  the  surface  tangent  (Event  4}  detonation  fell  very  near  those  from 
the  elevated  shots  b^ond  a horizontcJ.  range  of  25  feet  (3.73 

^ Refer  to  Appendix  B for  explanation  of  measurement  numbers. 


Hovever,  at  a scaled  distance  of  2 \r' ^ (13.U  feet),  horizontal  velocity 
measured  from  the  surface  tangent  detonation  (Event  U)  was  over  4 times 
greater  than  for  the  elevated  shots.  The  average  slope  of  the  hori- 
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zoncal  velocity  data  between  scaled  distances  of  2 W (13.4  feet)  and 
4 (32  feet)  for  all  detonations,  except  the  elevated  shots,  was 

R~  . A consistent  enheincement  in  peak  outward  particle  velocity  was 

observed  at  a scaled  listance  of  10  (67  feet)  for  Events  6 through 

9.  This  phenomenon  is  associated  with  formation  of  a surface  wave  as  pre- 
vio\isly  discussed  in  Section  3.3.3. 

Apart  from  the  primary  experiment,  velocity  gage  placement  effects 
were  casxially  studied  on  Events  7 and  8.  At  a horizontal  range  of 
43  feet,  two  addltioneLL  matched  gage  canisters  were  installed  adjacent 
to  and  on  either  side  of  the  primary  instrument  package.  The  primaury 
measurement  was  denoted  by  the  label  C preceding  the  measurement  number 
(meaning  center),  while  the  auxiliary  gages  were  labeled  R and  L for 
right  and  left  positions,  respectively,  with  respect  to  the  primary  gage. 
The  primary  gage  canister  was  grouted  to  the  surface  of  the  borehole 
with  soil  matching  grout.  The  right-hand  csmister  was  grouted  in  its 
borehole  with  only  the  bottom  2 inches  of  canister  grouted;  1 foot  of 
sand  was  added;  and  the  remainder  of  the  borehole  was  left  open.  The 
left-hand  canister  was  grouted  in  the  same  manner  as  the  ri£^t-hGmd 
canister;  however,  the  remainder  of  this  borehole  was  left  completely 
\uifilled.  Thes-^  three  emplacement  conditions  were  thought  to  represent 
a reasonable  range  of  placement  methods.  The  recorded  waveforms  (Fig- 
ure 3.27)  showed  identical  gage  response,  indicating  that  for  tests 
where  airblast  effects  are  minimum*  hole  backfilling  may  not  be  criti- 
cal as  long  as  the  base  of  the  canister  is  firmly  coupled  to  the  base 
of  the  borehole  and  the  loading  pulse  is  transverse  to  the  borehole 
axis. 

3.4.3  Vertical  Particle  Velocity 

Hear-s\urface  vertical  particle  velocity  waveforms  at  a cosnon  range 
(32  feet)  are  cos^sited  for  Events  1 through  6 in  Figure  3.28  (see 
Appendix  B for  ea^pl«te  time  histories).  From  this  figure  maximum 
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velocity  is  seen  to  have  been  downward,  except  for  Event  6 (buried 
tangent),  and  was  produced  by  the  surface  airblast  (or  "airslap”). 

The  upwau-d,  direct-induced  motion  was  of  higher  amplitude  for  Event  6. 

A trailing,  secondary  downward  velocity  pu.l.se  present  in  the  velocity 
waveforms  from  Events  U,  5*  and  6 was  produced  by  impact  from  surface 
fallback. 

Peak  downward  air slap-driven  velocity  (Figure  3.29(a))  plotted  as 
a function  of  scaled  distance  shows  no  significant  variance  in  velocity 
response  between  the  elevated  shots  (Events  1 throxigh  3) • Peak  downward 
velocities  measured  ..n  the  surface  tangent  shot  (Event  U)  i^ere  slightly 
lower  than  those  from  the  elevated  detonations  but  attenuated  at  a simi- 
lar  rate  (R  * ) beyond  a seeded  borizonted  distance  of  3.7  w ' 

(25  feet).  At  this  distance  the  downweord  velocity  from  the  half  buried 
burst  position  was  only  55  percent  of  that  produced  by  the  surface  tem- 


gent  detonations  but  exhibited  less  of  eui  attenuation  with  distance, 

-1  OQ  -1  S8 

i.fe.,  R versus  R for  the  shedlower  burst  positions.  The 

velocity  curves  converged  at  a scaled  distance  of  12  (8C  feet ) . 

Velocity  curves  for  all  six  events  flattened  (slope  decreased)  at 
seeded  distances  less  them  3.7  The  velocity-distance  curve  for 

the  buried  tangent  (Event  6)  burst  position  was  unique.  Downwemd 
velocity  amplitudes  increeised  slightly  out  to  a seeded  distemce  of 
3.7  , then  decreased  at  a severe  rate  (approximately  reaching 

a minimum  value  at  a seeded  distance  of  6.1*  (1*3  feet).  At  this 

remge  a reversed  in  slope  occurred  (R  indicating  a substeuntial 

rate  of  increase  in  the  peak  downward  velocity  with  increeming  range. 

Upward,  direct-lndu«.cd  particle  velocities  (Figure  3.29(b))  ex- 
hibited a response  similar  to  the  downward,  airslap  contezq>art  (Fig- 
ure 3.29(a)),  except,  that  the  order  of  the  curves  reversed  (i.e., 
magnitudes  progressively  increased  with  increasing  charge  DOB).  The 
tendency  of  the  upward  velocity  curves  to  flatten  at  scaled  distances 
less  than  3>7,  manifested  in  the  downward  airslap  pulse  (Figure  3.29(a)) 
for  an  burst  positions,  was  observed  only  for  the  elevated  burst  posi- 
tions in  the  upward,  direct-induced  pulse.  Upward  particle  velocity 
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attenuation  could  be  approximated  by  single  slopes  for  Events  U and  5; 
however,  point-to-point  connection  was  plotted  to  show  up  the  actual 
data  trends,  a repetitive  undulation.  Upward  velocity  maxima  measured 
on  the  buried  tangent  detonation  (Event  6)  defined  a U-shaped  cxurve, 
with  minimum  response  occurring  at  a scaled  distance  of  6.U  yl/3 
(U3  feet),  which  was  consistent  with  the  downward  airslap  velocity. 

3.^.U  Horizontal  Displacement 

Both  horizontal  and  vertical  near-surface  displacement  waveforms  at 
a common  distance  (32  feet)  are  composited  for  Events  1-6  in  Figure  3.30. 
No  vertical  motions  were  measured  on  Events  7-9.  Horizontal  displace- 
ment waveforms  from  the  three  elevated  shots  (Events  1,  2,  and  3)  are 
identical  in  character  and,  for  all  practical  purposes,  in  amplitude. 

Two  complete  cycles  of  motion  are  present,  begining  with  an  initial  out- 
ward going  surface  airblast-driven  displacement  pulse.  Horizontal  dis- 
placement response  from  the  sia*face  tangent  (Event  4)  detonation  clearly 
defines  the  transition  in  loading  modes  from  primarily  airblast  to  one 
that  is  crater  induced.  For  detonatioi  below  buried  tangent  (Event  6), 
with  the  horizontal  gage  array  position  at  charge  depth,  the  horizontal 
displacement  waveforms  show  no  influence  from  airblast  loading,  i.e., 
all  motion  is  derived  directly  from  the  cratering  phenomena. 

Scaled  peak  outward  near-surface  horizontal  displacement  versus 
scaled  distance  is  shown  in  Figure  3.31  for  surface  tangent  (Event  U), 
half  buried  (Event  5),  and  buried  tangent  (Event  6)  burst  positions. 
Outward  displacement  increased  pvoportionauLly  with  increasing  DOB. 

Data  from  both  surface  tangent  find  half  buried  attenuated  at  the  same 
rate  (as  R”^'^^);  however,  dif.placement  amplitudes  were  three  times 
higher  for  the  half  buried  detonation.  Peak  displacements  from  the 
buried  tangent  (Event  6)  shot  were  only  slightly  higher  than  those  pro- 
duced by  Event  5 between  scaled  distances  of  2 (13.^  feet)  and 

U.78  (32  feet)  but  progressively  increased  at  greater  distances. 

Horizontal  displacements  from  the  buried  tangent  detonation  appeared 
to  be  bilinear  with  the  transition  point  near  a sceaed  distance  of 
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1+.78  (32  feet).  This  bilinearity  was  probably  the  result  of 

relative  phasing  of  the  airblast  and  cratering  energy  fractions. 

3.*+. 5 Vertical  Displacement 

Downward  airslap  dominated  the  vertical  displacement  on  Events  1 
through  4 (s-.face  tangent),  as  shown  in  Figure  3.30.  Upward  crater 
driven  displacement  dominated  for  charges  half  buried  (Event  5)  and 
deeper  ( see  Appendix  A for  individufiLL  displacement  waveforms . ) 

Scaled  peak  downward  airslap-driven  near-surface  vertical  displace- 
ment is  plotted  versus  scaled  distance  in  Figure  3.32  for  surface  tan- 
gent, half  buried  tangent,  and  buried  tangent  (Events  4,  5,  and  6,  re- 
spectively) burst  positions.  Considerable  scatter  was  observed  in  the 
data.  To  simplify  comparison,  pareillel  slopes  were  fitted  to  the  data 
for  all  three  events.  Based  on  these  assigned  curves  a decrease  factor 
of  1.6  resulted  from  moving  the  burst  position  from  surface  tangent  to 
half  buried.  An  additional  decrease  factor  of  2.6  was  obtained  by  in- 
creasing the  DOB  from  half  buried  to  buried  tangent.  Overall,  the  down- 
ward airslap-driven  displacement  decreased  by  a factor  of  4.2  between 
surface  tangent  and  buried  tangent  burst  positions. 

3.5  SURFACE  AIRBLAST  PRESSURE  AND  IMPULSE 

3.5.1  Data  Recovery- 

Only  three  surface  airblast  gages  failed  to  produce  data  on  this 
experiment.  Specific  data  losses  sure  shown  below: 


Event 

Measxirement 

No. 

No. 

Comment 

1 

57-0-AB 

Faulty  gage  response 

2 

13.4-0-AB 

Defective  gage,  removed  preshot 

3 

25-O-AB 

Faulty  gage  response 

The  gage  used  at 

the  13.4-foot 

range  position  wm  found  to  be  defective 

and  was  replaced  after  Event  1. 

A number  of  the  gages  experienced 

ringing,  an  adverse  feature  characteristic  of  the  gage  model  used. 


3.5*2  Airblast  Pressure 


Measured  peak  surface  airblast  pressures  axe  snown  as  functions  of 
scaled  distance  and  burst  position  in  Figure  3.33.  The  slopes  of  the 
data  are  essentially  the  same  for  the  elevated  shots  throiigh  the  half 
buried  detonation  (Events  1 through  5).  The  slope  was  flattened  in  the 
buried  tangent  (Event  6)  da'-a  along  with  a significant  reduction  in 
peak  pressxire.  Airblast  pressure  produced  by  the  buried  tangent  detona- 
tion was  suppressed  by  a factor  of  7 from  that  produced  by  the  airbursts 
(Events  1 through  3)  and  by  a factor  of  U.6  from  the  surface  tangent 
(Event  k)  detonation  at  a scaled  distance  of  5 (33.5  feet).  Air- 

blast  pressure  was  only  minimally  suppressed  (about  11  percent)  by 
moving  <‘.he  burst  position  from  the  surface  tangent  (Event  U)  to  half 
buried  (Event  5).  A pressure  reduction  of  about  U5  percent  occurred 
when  the  HOB  was  moved  from  the  -3.6  foot  elevated  position  (Event  3) 
to  the  surface  tangent  (Event  *♦). 

3.5.3  Airblast  Impulse 

Peak  surface  airblast  impulse  is  plotted  as  a function  of  scaled 
horizontal  distance  for  Events  1 through  6 in  Figure  3.3^.  Impulse 
values  were  essentiedly  identical  for  the  three  elevated  detonations 
(Events  1,  2,  and  3).  The  impulse-distance  curve  for  the  surface  tan- 
gent detonations  (Event  h)  was  slightly  lower  them,  but  sirailen*  in  shape 
to,  the  elevated  shot  results.  A noticeable  reduction  in  impulse 
occxirred  when  the  biu'st  position  was  moved  from  surface  tangent  (Event  k) 
to  half  buried  (Event  5).  A drastic  reduction  in  peed^  impulse  occurred 
from  the  buried  tangent  (Event  6)  detonation  (on  the  order  of  3U  times 
at  a scaled  distance  of  2 


TABLE  3-1  APPARENT  CRATER  TARAMETERS 


Apparent  Crater  Parameter  Cratering 


Sho 

t Identification 

Radius 

ra 

(ft) 

Depth 

da 

(ft) 

Lip 

Height 

h 

(ft) 

Volume 

va 

(ft) 

Efficiency 

Va/ 

V 

(ft^/lb) 

Event 

No. 

HOB/DOB 

R 

c 

(ft) 

1 

-1.61 

-12 

-10.8 

0 

0 

0 

0 

2 

-1.07 

-8 

-7.2 

0 

0 

0 

0 

0 

3 

-0.5** 

-u 

-3.6 

0 

0 

0 

0 

0 

U 

-0.13 

-1 

-0.9 

5.65 

3.60 

0.35 

1**9.9 

0.50 

5 

0 

0 

0 

9.10 

5.00 

0.68 

500.0 

1.67 

6 

+0.13 

+1 

+0.9 

10.30 

6.50 

1.58 

908.6 

3.03 

7 

+0.5** 

+u 

+3.6 

12.70 

7.50 

l.**5 

15**T.3 

5.16 

8 

+1.07 

+8 

+7.2 

Ik. Bo 

9.75 

2.12 

2588.0 

8.63 

9 

+1.61 

+12 

+10.8 

16.70 

9.30 

2.20 

3080.6 

10.27 

TABLE 

3.2  DATA  CHANNELS 

LOST,  GZ  MEASUREMENTS. 

£>ent 

Data 

Channel 

Measiurement 

No. 

No. 

No. 

Comment 

1 

26 

0-20. 1-AV® 

Defective  gage,  deleted  preshot 

2 

27 

0-20, 1-AV^ 

Defective  gage,  deleted  preshot 

21 

13.**-0-AB 

Gage  damaged  by  shot 

3 

27 

0-20, 1-AV^ 

Defective  gage,  deleted  preshot 

1» 

12 

0-6.7-AV® 

Gage  damaged  by  shot 

27 

0-20. 1-AV^ 

Defective  gage,  deleted  preshot 

6 

lU 

0-7.6-AV 

Gage  damaged  by  shot 

15 

0-21-AV 

Defective  gage,  deleted  preshot 

7 

17 

0-15.**-SV 

Gage  damaged  by  shot 

Same  gage; 

Events  1 through  **  were  repeat  shots  on  same  GZ  and 

instrument 

earay. 

! 
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Figxire  3.1  App€u*ent  crater  profiles. 
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Figure  3.3  Firet  motion  arrival  times  directly  beneath  the  explosion  versus  depth. 
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Figure  3*^  Flikst  aotion  arrimil  tiae»  alocg  the  ne*r«tttrf«ce  horicontal 
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Fipore  3.lU  Comparison  of  displacement  waveforms  along  the  vertical  radial  directly  beneath  the 
explosion.  Events  1 and  2, 


5 Comparison  of  displacement  waveforms  along  the  vertical  radial  directly  beneath  the 
explosion.  Events  3 and  4. 
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Figure  3.18  Scaled  peak  radial  transient  displacesent  directly  Tjeneath 
and  horiaontallj  on-axis  with  the  explosion  as  a function 
of  scaled  distance. 


55 


•B  = -10.8  FT 

DEPTH 

o 

(FT) 

)B  = -7.2  FT 

o 


4.8  (?)  QueSTIONASUC 


NOTE:  NEGATIVE  FORTiON  OF  WAVEFORM  IS  ASSOCIATED  WITH 
RELIEF  OF  STATIC  OVERBURDEN  STRESS  AFFLIED  AT 
THE  TIME  OF  GAGE  INSTALLATION. 
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Figure  3 >19  Cosspcurison  of  stress  vaveforas  along  the  vertical  radial 
directly  beneath  the  explosion.  Events  1 and  2. 
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Figure  3 >20  Conparison  of  stress  wavefoms  along  the  vertical  radial 
directly  beneath  the  explosion.  Events  3 and  k. 
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Figure  3 <22  Conqwurlson  of  stres?  waveforms  on  vertical  axis  directly 
beneath  the  explosion  and  along  horizontal  radial  at 
charge  depth*  Event  7* 
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Figure  3.25  Wear-surface  horiiontal  particle  velocity  waveforms  at 
32-foot  range. 
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Figure  3.30  Kea.r~surface  vertical  eni?  horizontal  d placement  waveforms  at  32-foot  range 
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Figure  3.31  Scaled  peak  outward  new-surface  h^.Tizontai  displacement 
versus  scaled  distance  as  a function  of  burst  position, 
Svents  4,  5,  »nd  6. 
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Figure  3*32  Scalc-i  peuk  downward  airslap-driven  near-surface  vertices. 

displacement  versiis  scaled  distsuice  as  a function  of  burst 
position,  Erents  5,  and  6. 
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CHAPTER  >4 


OBSERVATIONS  AND  RECOMMENDATIONS 


U.l  OBSERVATIONS 

This  chapter  presents  pertinent  observations  froa  the  CENSE  2 ex- 
periment. Detailed  conclusions  will  be  appropriately  treated  in 
Report  U of  this  series,  *' Analysis  and  Summary  of  CENSE  Data." 

The  primary  objective  of  the  CENSE  2 program  vas  to  determine  the 
influence  of  burst  iKJsition  on  ground  shock  and  stress  in  a uniform  soil. 
Airblast  and  cratering  were  of  secondary  interest.  Particular  emphasis 
was  placed  on  measurements  directly  beneath  the  explosion  and  horiSw>».  • 
tally  on-axis  at  charge  depth.  The  objectives  were  achieved.  Excellent 
quality  ground  motion  and  stress  data  were  recorded. 

The  CENSE  HOB/DOB  experiment  concept  has  provided  critical  insight 
into  the  shock  physics  and  wave  propagation  in  the  region  directly 
beneath  an  explosion  detonated  in  both  rock  and  soil.  *rhe  information 
retrieved  has  already  had  major  impact  on  weapons  effects  tests  design 
and  hardness  assessments. 

U.1.1  Cratering 

No  craters  were  produced  by  the  airbursts.  Events  1,  2,  and  3. 

Only  apparent  craters  were  measured.  The  apparent  craters  behaved  in  a 
consistent  fashion  with  size  increasing  with  DOB.  Although  th'.  optimum 
DOB  was  not  achieved  in  this  test  series,  it  is  believed  to  occxir  at  a 
scaled  depth  of  approximately  1.75  (11.7  feet),  where  the  appeurent 

cratering  efficiency  is  estimated  to  be  at  least  10.3  ff^/lb.  A com- 
peurison  of  the  apparent  cratering  efficiencies  shows  about  12  percent 
of  optimm  for  the  surface  burst  (half  buried)  and  3.8  percent  for  the 
tangent  sphere  (surface). 

U.l. 2 Airblast 

The  airblast  suppression  (enhancement)  was  strongly  influenced  by 
the  burst  position  in  the  region  HOB  *3.6  to  DOB  « O.U5  . 


72 


For  hob's  higher  them  3.6  , the  enhancement  asymptotically  ap- 

proached a maximum  value  2.h  times  the  value  of  the  free-air  condition. 
Suppression  was  substantial  emd  increased  almost  linearly  for  burst 
positions  from  surface  tangent  to  buried  tangent. 

. 1 . 3 Ground  Shock 

U. 1.3.1  WAVE  SPEED.  The  compressional  wave  propagated  downwEurd 
directly  beneath  the  explosion  at  a velocity  of  3000  ft/s.  Propaigation 
speed  along  the  neai’-surface  horizontal  radial  averaged  l600  ft/s.  Out- 
rxuming  ground  motion  was  first  observed  on  the  half  buried  detonation 
(Event  5),  at  a horizontal  range  of  58  feet.  The  initial  compression 
wave  propagated  at  6in  averaige  velocity  of  1500  ft/s  along  the  horizontal 
radial  located  at  shot  depth  for  the  buried  detonations  (Events  7*  8, 
and  9).  A break  in  the  slopes  of  the  arrival  time  curves  for  these  shots 
indicated  a reflected  wave  from  a higher  seismic  layer  located  approxi- 
mately l4  feet  below  the  ground  surface  and  propagating  at  a velocity  of 
2700  ft/s.  The  higher  seismic  velocity  of  the  deep  layer  is  attributed 
primarily  to  an  increase  in  water  content. 

*♦.1.3.2  ACCELERATION  MEASUREMENTS.  Burst  position  significantly 
influenced  acceleration  measured  directly  beneath  the  explosion.  Peak 
amplitudes  increased  rapidly  with  increasing  charge  DOB.  Peak  downward 
acceleration  from  the  buried  tangent  detonation  was  36  times  that  from 
the  surface  tangent  detonation. 

U.1.3.3  PARTICLE  VELOCITY.  Significant  increases  in  particle 
velocity  directly  beneath  the  explosion  occurred  for  progressive  charge 
burial  within  the  soil.  Maximum  particle  velocity  directly  beneath  the 
explosion  was  measured  on  the  buried  tangent  (Event  6)  detonation,  which 
was  some  U.9  times  greater  than  that  produced  from  the  surface  tangent 
detonation.  Although  no  motion  measurements  were  made  directly  beneath 
the  'explosion  for  the  deeper  buried  shots  (Events  7,  8,  and  9)»  measure- 
ments were  made  along  a horizontal  radial  at  shot  depth.  These  measure- 
ments are  believed  to  have  been  deep  enough  to  have  been  free  frcxa 
surface  effects  at  scaled  distances  less  than  10  (67  feet)  and. 
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therefore,  can  be  compared  with  the  measurements  directly  beneath  the 
explosions.  Measured  particle  velocities  attenuated  at  the  same  rate 
for  both  data  sets  and  showed  a progressive  increase  in  velocity.  Maxi- 
mum particle  velocities  from  the  deepest  detonation  (10.8  feet)  were  11 
limes  greater  than  those  from  the  surface  teuigent  detonation.  A veloc- 
ity "jump"  or  enheincement  (factor  of  5)  was  observed  on  these  shots  at 
a scaled  distance  of  10  (67  feet).  This  enhancement  is  thought  to 

be  associated  with  development  of,  and  interaction  with,  a surface  wave 
at  this  distance.  No  significant  differences  were  observed  in  the  shape 
of  the  velocity  waveforms. 


Near-surface  horizontal  particle  velocity  was  dominated  by  the  sur- 
face airblast  for  the  elevated  and  surface  tangent  detonations.  Direct- 
induced  energy  dominated  the  horizontal  velocity  for  all  deeper  buried 
detonations.  Peak  horizontal  particle  velocity  from  the  buried  tangent 
detonation  was  2.3  times  greater  thsin  that  from  the  surface  tangent 
detonation.  Horizontal  velocity  from  the  deepest  detonation  (10.8  feet) 
was  17  times  greater  than  that  from  the  surface  tangent  detonation. 

Surface  airblast  dominated  the  near-s\irface  vertical  particle 
velocity  for  the  elevated  through  half  buried  detonations  (Events  1 
through  5)t  except  the  13.U-foot  distance  position  on  Event  5.  Upward, 
direct-coupled  energy  dominated  the  near-surface  vertical  velocity  on 
the  buried  teuigent  shot  (EJvent  6).  No  vertical  measurements  were  made 
on  the  buried  shots  (Events  7 through  9)*  Peak  downweurd  velocity  de- 
creased with  decreasing  HOB.  This  reduction  was  most  appexent  at  seeded 
distemces  less  than  3.^  Beyond  this  distance  the  curves  tended 

to  converge.  Upward  velocity  showed  a simileur  effect  but  with  amplitudes 
increasing  with  decreasing  HOB.  Verticed  velocity  response  from  the 
buried  tangent  detonation  was  unique.  Both  downward  and  upward  velocity- 
distance  curves  reached  minima  at  a scaled  distance  of  6.4  y^/3 
(43  feet),  with  amplitudes  increasing  beyond  this  distance. 


4.1. 3.4  DISPLACEME31T.  Vertical  displacement  directly  beneath  the 
explosion  was  greatly  influenced  as  was  the  vertical  particle  velocity. 
Maximum  downward  displacement  produced  by  the  buried  tangent  detonation 
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was  6.6  times  that  from  the  surface  tangent  detonation.  Maximtim  dis- 
placement (silong  the  horizontal  axis)  was  meastired  at  the  deepest  buried 
shot,  Event  9 (10.8  feet),  which  was  30  times  that  from  the  svurface  tan- 
gent detonation. 

Neai’-surface  downward  vertical  displacement  decreased  by  a factor 
of  U.2  by  moving  the  burst  position  from  surface  tangent  to  buried 
tangent. 


Outward  near-surface  displacement  was  3 times  greater  for  the  half 
buried  detonation  than  for  the  surface  tangent  distance.  Only  a slight 
increase  in  outward  displacement  was  gained  by  increasing  the  DOB  to  the 
buried  tangent. 

U.l.U  Stress 

Peak  stress,  measured  directly  beneath  the  explosion,  increased 
with  DOB.  Stress  produced  from  the  buried  tangent  detonation  was  U times 
greater  than  for  the  surface  tangent  detonation.  Maximum  stress  was  pro- 
duced by  the  deepest  detonation  (10.8  feet)  emd  was  15  times  greater 
than  that  produced  by  the  surface  tangent  detonation. 

U.2  RECOMMENDATIONS 

Ground  shock  response  to  burst  position  has  been  invest ig'ited  in 
two  media.  CENSE  1 addressed  the  shock  response  in  rock  (sandstone)  and 
CENSE  2 addressed  the  response  in  soil  (clayey  silt).  These  two  mate- 
rials represent  near  extremes  for  real  earth  materials.  However,  in  the 
'real  world’  simple,  single  material  sites  are  seldom  encountered.  Most 
geologies  vary  in  complexity  from  relatively  simple  two-layered  systrans 
to  highly  complex  multilayered  systems  or  near  heterogeneous  masses. 

'jJo  date  only  analytical  studies  and  a few  limited,  smal]-sc8J.e  labora- 
tory tests  have  been  performed  to  define  the  propagation  modes  and  shock 
tramsmission  characteristics  of  layered  systems.  A few  laurge,  single 
detonations  have  been  conducted  on  complex  geologies  (i.e..  Middle  Gust 
and  Mixed  Company).  A number  of  acute  questions  must  be  resolved  for 
layered  systems  in  order  to  provide  adequate  protection  for  planned  or 
in-place  military  structures  and  instsdlations.  Some  of  theae  are; 
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a.  Mitigation  effects  of  soft  soil  layer  overlaying  a higher 
velocity  layer. 

b.  Shock  energy  focusing  or  enhancement  by  shallow , high-velocity 
layer(3). 

Effects  of  shear  along  the  geologic  interface(s). 

The  efficacy  of  the  CENSE  technique,  using  a series  of  smsdl  HE 
detonations  has  been  proven.  A third  phase  of  the  CENSE  program 
(CENSE  3)  is  recommended  to  investigate  the  effects  of  layer  thickness 
on  shock  propagation  in  a two-materieil  system.  A soil  over  semdstone 
geology  would  provide  a representative  model.  B\a*st  position  woiild  be 
fixed  at  the  surface  tangent  configuration  with  the  soil  layer  being 
reduced  in  thickness  for  each  subsequent  test.  The  bare  rock  would 
serve  as  a data  reference  base. 
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APPENDIX  A 


PRE-CENSE  EXPERIMENT 


A. 3 EXPERIMENTAL  PLAN 

In  1965  a low  budget,  depth-oT-b\irst  (DOBJ  feasibility  study  was 
conducted  in  a uniform  loess  deposit  at  the  U.  S.  Army  Engineer  Water- 
ways Experiment  Station  (WES)  in  Viiksburg,  Mississippi.  The  material 
of  the  test  site  consisted  of  a natural  deposit  of  clayey  loess,  ex- 
tending to  depths  ranging  fr^m  approximately  20  to  Uo  feet.  The 
material,  dry  density  was  approximately  100  pcf  at  a water  content  of 
22  percent.  Boring  log  data  are  given  in  Table  A.l. 

The  in-place  seismic  velocity  was  measured  to  be  1100  ft/s.  IVe- 
lENSE  was  a conceptual  experiment  using  2-pound  cast  spherical  TNT  ex- 
plosive charges.  Burst  positions  ranged  from  half  buried  to  a scaled 
depth  of  1 ^ (1.26  ^eet).  Table  A, 2 lists  the  experimental 

nonmenclature . 

Albhovigh  the  Pre-CENSE  geometry  has  been  idealized  in  Figure  A.l 
for  comparison  with  that  of  '^EHSE  2,  'che  actual  tests  wars  conducted 
along  a horizontal  plane  'l.e.,  the  charges  were  detonated  in  the  face 
of  a verticpl  cut  with  ' nstruments  placed  along  radials  via  vertical 
boreholes  (Figvire  A.2)).  Each  shot  was  made  in  virgin  soil.  Particle 
velocity  and  stress  were  the  principal  parameters  measured,  although 
a few  measiuements  of  accelerations  werv  also  made.  Only  motions  en(. 
stresses  along  the  radial  plane  were  measxired.  PX-type  horizontal 
velocity  gages,  SE-type  stress  gages,  and  Endevco  piezoelectric 
accelerometers  were  used. 

The  primary  region  of  interest  for  this  study  extended  from  about 
i.26  to  5.67  feet  from  the  center  of  the  charge.  Because  of  the  smell 
distances  involved,  severe  restrictions  were  pieced  on  the  instrument 
c'-.iistei  size,  as  well  as  pj.acerient  and  orientation.  In  lieu  of  bulky 
TP,<^tai  canisters,  <x  i-ccnniqur  va?  devicf  d for  grouting  the  particle 
motion  gages  in  a cylindrical  -oil  plug,  rouglily  3-3/^  inches  in  diameter 


by  4 inches  high.  A silicone  rubber  mold  was  made  in  which  a soil 
(loess-cement  mixture)  could  be  cast  around  the  gages.  Figure  A. 3. 


The  mixture  found  to  be  moi-t  satisfactory  for  duplicating  native 
deposit  strength,  den  'ity,  ana  ‘rater  content  was  manufactured  from  the 
following  proportions;  57.2  percent  loess,  19*0  percent  sand,  9-5  per- 
cent cement,  9*5  percent  plaster  of  paris,  0.3  percent  calcium  chloride, 
and  4.5  percent  water.  All  percentages  are  by  weight. 

A. 2 MOTION  MEASURiMFNTS 

A. 2.1  Acceleration 

Acceleration.^  w.^re  measured  on  Events  1,  4,  and  5 (DOB  = 0,  0.9^» 
and  1.26  feet,  respectively).  Scaled  peak  radial  acceleration  is 
p.lotted  versus  scaJed  distance  in  Figure  A. 4.  Accelerations  measured 
from  the  half  buri..d  biurst  position  (Ea^ent  l)  attenuated  as  the  -8.46 
po’wer  of  distance.  Data  from  the  0.9^-  and  1.26-foot  (Events  4 and  5* 
respectively)  depth  b’U'st  poritions  had  equal  slopes  (R~^'^^),  attenuat- 
ing less  rapidly  than  for  the  0 DOB  detonation.  A sixfold  increase  in 
acceleration  was  obtained  by  moving  the  DOB  from  0.9^  to  1.26  feet. 

A. 2. 2 Particle  velocity 

Particle  velocity  waveforms  from  the  half  buried  detonations  are 
shown  for  various  radial  distances  in  Figure  A. 5.  The  velocity  signa- 
tures were  characterized  by  an  initial  outward  going  peak  that  decreased 
in  amplitude  and  increased  in  duration  with  increasing  distance  from  the 
charge.  The  secondary  inward  going  peak  increased  in  proportion  to  the 
initial  peak  with  increasing  distance  as  the  response  of  the  soil  became 
more  nearly  elastic.  Peak  outveurd  radial  particle  velocity  for  all  burst 
positions  is  plotted  versus  scaled  di^ter.ce  in  Figxire  A. 6.  A progres- 
sive increase  in  peak  particle  velocity  occurred  as  the  DOB  increased. 

Velocity  slopes  were  equal  for  p’!  DOS's  greater  than  half  buried,  i.e., 
-2  47 

R . Velocity  from  the  half  buried  detonrtion  appeared  to  attenuate 

more  rapidly  (as  was  also  observed  in  the  acceleration  data)  at  a rate 
of  R '■*  . Maximum  velocity  increases  occxirrti  between  burst  positions 

of  half  b>a*ied  and  0.32  and  0.63  feet,  increases  of  2 and  1.7  tosses. 
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respectively.  No  significant  difference  was  noted  between  DOB's  of  0.63 
ar.d  0.9^  feet.  Highest  particle  velocities  were  obtained  for  the  deepest 
b'u:st  position,  1.26  feet.  An  overall  peak  velocity  enhancement  of 
4.2  times  was  achieved  by  moving  the  biirst  position  from  half  buried  to 
1.26  feet. 

A. 3 STRESS 

Typical  measured  stress  waveforms  (Event  5,  DOB  = 1.26  feet)  are 
shown  in  Figure  A. 7.  Figure  A. 8 is  a pirc  of  peak  radial  stress  versus 
scaled  distemce  for  all  burst  positions.  Data  slopes  for  a"*!  events 
were  similar,  with  a tendency  to  flatten  (decrease  in  rate  of  attenua- 
tion) with  increasing  distance  from  the  explosion.  Both  Events  1 and  2 
(DOB  = 0 and  0.32  feet,  respectively)  att-jnuated  at  a rate  of 
between  scaled  distances  of  1.4  and  4.5  . The  slope  for  Events  3, 

4,  and  5 over  the  same  scaled  distance  wa;-  R * . The  maximum  in- 

crease in  stress  was  attained  by  mevi.'.’?  the  charge  position  from  half 
biH’ied  to  0.32  feet,  an  increase  of  2.4  times.  A 1.9  times  increase 
occurred  between  D0B*s  of  0.32  and  0.63  f«'>t.  No  significant  differences 
in  measured  stresses  were  noted  for  Everts  4 and  5 (DOB  = 0.94  ai.d 
1.26  feet,  I'espectively)  o’.t  to  a scaled  cistance  of  4.5  VT  ' 

(5.67  feet).  Beyond  this  distance  the  cur/es  tended  to  diverge.  An 
overall  stress  increase  of  about  1 1...-'’  wao  attained  by  moving  the 
burst  position  from  half  buried  to  1.26  feet. 

A. 4 DATA  PRESENTATION 

Data  are  presented  in  the  form  of  selecte : time  histories  and 
parameter-distance  plots.  Available  motioi-  and  stress-time  historie.s 
are  presented  in  Figxares  A.9-A.17.  Figure  A. 9 is  not  complete  witih  all 
data  plots  since  a number  of  stress-time  histories  were  ■■  "ist  in  the 
interim  since  the  experiment  was  conducted. 

.\.5  OBSERVATIONS  I 

A. 5.1  Ground  Motion 

Acceleration  data  were  limited  on  this  test  series.  However,  some 


observations  can  be  made.  Acceleration  levels  were  strongly  influenced 
by  burst  position,  increasing  proportionally  with  DOB.  Acceleration 
increased  by  a factor  of  6 by  increasing  the  DOB  from  O.9U  to  1.26  feet 
(scaled  depth  of  0.75  and  1 , respectively). 

Radial  particle  velocity  also  increased  with  DOB.  Velocity  mea- 
sured from  the  detonation  buried  at  a scaled  depth  of  1 (1.26  feet) 

was  almost  3 times  that  from  the  sxxrface  (hsLlf  buried)  detonation. 

Little  enhancement  in  particle  velocity  was  achieved  for  DOB's  greater 
than  0.91+  feet  (0.75  vr'-'^^). 

A.  5.2  Stress 

Stress,  as  with  acceleration  and  particle  velocity,  increased  with 
charge  DOB.  The  maocimum  relative  increase  in  stress  occurred  between 
half  bviried  and  0. 32-foot  burst  positions,  an  increase  of  1.7  times. 
Maximum  stress  was  produced  by  the  deepest  detonation  (1.26  feet),  which 
was  5 times  that  produced  by  the  half  bxrried  shot.  Stress  levels  tended 
to  be  asymptotic  with  distances  beyond  a sceiled  distance  of 
(6.3  feet). 


TABLE  A.l  PRE-CENSE  BORINU  LOG  DATA. 


Sample 

No. 

Depth 

(rt) 

Dry- 

Density 

(pcf) 

Water 

Content 

(percent) 

Material 

0-0.5 

86.2 

21*. 1 

Organic  material 

2 

0.5-1. 5 

95.3 

23.1 

Orgsuiic  material/loess 

3 

1.5-2. 5 

98. U 

22.7 

Loess 

k 

2. 5-3. 5 

101.1 

22.3 

Loess 

5 

3.5-U.O 

100.  h 

22.3 

Loess 

6 

U. 0-6.0 

100.1 

22.2 

Loess 

7 

6. 0-7.0 

102.2 

22.1 

Loess 

8 

12.5-12.9 

83.0 

21.6 

Clayey-loess 

9 

1:. 3-13. 7 

83.U 

21.0 

Clayey-loess 

TABLE  A. 2 PRE-CENSE  TEST  EVENT  DESIGNATION. 


Event 

No. 

(ft) 

DOB 

1 1 (3  shots) 

0 

0 

0 

, 2 

+0.32 

+0.25 

+2 

+0.63 

+0.50 

+U 

- 

U (2  shots) 

+0.9** 

+0.75 

+6 

5 (2  shots) 

+1.26 

+1.00 

+8 

n 


DOB 


INSTRUMENT 

ARRAY 


NOTE;  NUMERALS  REFER  TO  SHOT  NUMBER. 


Figui-e  A.l  Idealized  Pre-CENSE  experiment  geometry,  2-pound 
cast  spherical  TNT  explosive. 


&k 


iHHMWiWIWMrtWV*  ! 


Figure  A. 2 Actual  test  configuration  for  Pre-CENSE. 


DX  model  particle  velocity  gage  mounted  in  soil  cement  grout  plug. 


s 


200.0 


to  » 

TIME.  MS 

Figure  A. 7 Stress  waveforns.  Event  5 (DOB  = 1.26  feet) 
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APPENDIX  B 


CENSE  2 GROUND  MOTION,  STRESS,  AND  SURFACE 
AIRBLAST-TIME  HISTORIES 


B.l  DATA  TREATMENT 

The  original  analog  tapes  were  digitized  and  processed  on  the  U.  S. 
Army  Engineer  Waterways  Expei’iment  Station  (WES)  computer.  Various  sub- 
routines were  used  as  needed  to  msdca  corrections  for  temperature  effects 
on  the  velocity  gage  records  (Re<*erence  8)^,  fixtering,  and  baseline 
shifting  (References  10  and  11),  especially  where  single  and  double  in- 
tegrations were  performed.  Table  B.l  lists  digital  bandpass  frequencies. 
Figure  3.1  provides  a graphical  explanation  of  the  various  baseline  cor- 
rection techniques  used. 

B,2  TTMF  HISTORIES  PRESENTATION 

Time  histories  in  Figui’es  B.2-B.23  are  presented  such  that  upward 
motion,  outward  motion  (away  from  ground  zero  (GZ)),  6uid  compression  are 
upward  (positive)  on  the  plots.  Conversely,  downward  motion  and  inward 
motion  are  downward  (negative)  on  the  plots.  Insert  figures  on  the  plots 
are  uncorrected  data  shown  in  the  ”as  recorded”  condition. 

Identification  labeling  on  the  plots  is  formatted  as  follows: 

Location:  Upper  right-hand  corner  of  plot. 

First  Line:  Experiment,  event  number. 

Second  Line:  Gcige  identifier,  i.e.,  distance  from  GZ  in  feet, 
depth  in  feet,  parameter,  orientation,  and 
ansilog  tape  number,  track. 

Third  Line:  Digitizing  rate,  Hz 

Fourth  Line:  Filter  option 

Fifth  Line:  Date,  digital  tape  reel  numbers 
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Event  2,  airtolast,  elevated,  -1.07  VT  (-7.2  feet);  near- surface 
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along  the  vertical  radial  directly  beneath  the  explosion  (sneet  1 of  5). 
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motion-time  histories  (sheet  1 of 


Figure  B.19  (sheet  2 of 
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NOTATION 

Surface  airblast  pressure,  psi 
Vertical  acceleration,  g's 
Center  of  gravity  of  explosive  charge 
Wave  propagation  velocity.  <'t/s 
Apparent  crater  depth,  feet 

1/3 

Sceiled  distance  (cube  root  scaling),  ft/lb 
Scaled  displacement  (cube  root  scaling),  ft/lb 

Depth  of  burst  beneath  ground  surface  (to  center  of  charge) 

Acceleration  (one  gravity  unit)  = 32.2  ft/s*^ 

I/O 

Scaled  acceleration  (cube  root  scaling),  g • lb 
Ground  zero 

Crater  lip  height,  feet 
High  explosive 

Height  of  burst  above  ground  surface  (to  center  of  charge) 
Liquid  nitrometheine  charges 
Radius , feet 

Apparent  crater  radius,  feet 

Slope  of  data  with  respect  to  distance 

Charge  radius,  ft:  R for  300  lb  charge  = O.9  foot 

R^  for  2 lb  charge  = O.I58  foot 

Horizontal  stress,  psi 

Vertical  stress,  psi 

Horizontal  particle  velocity,  ft/s 

Vertical  particle  velocity,  ft/s 

3 

Apparent  crater  volume,  ft 

Charge  weight  ('HIT  equivalent),  pound 

1/3 

Scaled  charge  weight  (cube  root  scaling),  lb 
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In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a facs'.eile  catalog 
card  in  Library  of  Congress  HARC  format  is  reproduced 
below. 


Ingram,  James  K 

CENSF.  explosion  test  program;  Report  2:  CENSE  2,  explosions 
in  soil  / by  James  K.  Ingram.  Vicksburg,  Miss.  : U.  S.  Water- 
ways Experiment  Station  ; Springfield,  Va.  :■  available  from 
.National  Technical  Information  Service,  1977. 

255  p.  : ill.  ; 27  cm.  (Technical  report  - U.  S.  Army  Engi- 
neer Waterways  Experiment  Station  ; N-77-6,  Report  2) 

Prepared  for  Office,  Chief  of  Engineers,  U.  S.  Army,  Wa.sh- 
ington,  D.  C.,  under  R6D  Project  4A762719AT40,  Task  A1 , Work 
Unit  018,  Ground  Shock  from  Multiple  Bursts. 

References:  p.  ‘’7-78. 

1.  Airblast-induced  ground  motion.  2.  Airblast  waves.  3.  Burst- 
ing charges.  4,  CENSE  (Test  program).  5.  Cratering.  6.  Ex- 
plosion effects.  7.  Explosions.  8.  Explosives.  9.  Ground 
shock.  10,  Stresses.  I.  United  States.  Army.  Corps  of  Engi- 
neers. II.  Series:  United  States.  Waterways  Experiment  Station, 
Vicksburg,  Miss.  Technical  repott  ; N-77-6,  Report  2. 
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